This review describes immunolocalization studies of the tissue and cellular location of glutamine synthetase (GS; EC 6.3.1.2) and glutamate synthase (Fd GOGAT; EC 1.4.7.1 and NADH-GOGAT; EC 1.4.1.14) proteins in roots and leaves of rice (Oryza sativa L.) and barley (Hordeum vulgare L.). In rice, cytosolic GS (GS1) protein was distributed homogeneously through all cells of the root. NADH GOGAT protein was strongly induced and its cellular location altered by ammonium treatment, becoming concentrated within the epidermal and exodermal cells. Fd GOGAT protein location changed with root development, from a widespread distribution in young cells to becoming concentrated within the central cylinder as cells matured. Plastid GS protein was barely detectable in rice roots, but was the major isoform in leaves, being present in the mesophyll and parenchyma sheath cells. GS1 was specific to the vascular bundle, as was NADH GOGAT, whereas Fd GOGAT was primarily found in mesophyll cells. In barley roots, GS1 protein was found in the cortical and vascular parenchyma and its concentration was highest in N-deficient seedlings. Plastid GS protein was detected in both cortical and vascular cells, where different plastid forms, containing different concentrations of GS protein, were identified. In barley leaves, GS2 protein was detected in the mesophyll chloroplasts and GS1 was found in the mesophyll and vascular cells. N nutrition strongly influenced this distribution, with a marked increase in GS1 concentration in the vascular cells in response to nitrate and ammonium, and an increase in mesophyll GS2 concentration in nitrate-grown seedlings. Fd GOGAT protein was found in both the mesophyll and vascular plastids. These localization studies show that the GSuGOGAT cycle is highly compartmentalized at both the subcellular and cellular levels. Reasons for this compartmentation, and the roles of each isoform, are discussed.
Introduction
The pathway for ammonium assimilation in higher plants has been well documented. Ammonium (used hereafter without distinguishing between ammonia gas and ammonium ions), whether resulting from nitrate assimilation or from other, secondary sources, is ®rst incorporated into glutamine in a reaction catalysed by glutamine synthetase (GS; EC 6.3.1.2): GlutamatezNH 3 zATP £GlutaminezH 2 OzADPzPi Glutamate synthase (glutamine : oxoglutarate aminotransferase; GOGAT) catalyses the combination of glutamine with 2-oxoglutarate to form two molecules of glutamate, one of which serves as substrate for GS, while the other glutamate is available for transport, storage or further metabolism. The reductant may be either reduced ferredoxin (Fd red ) or NADH, depending on the GOGAT species (Fd GOGAT; EC 1.4.7.1 and NADH GOGAT; EC 1.4.1.14, respectively): Glutaminez2-oxoglutaratezFd red (or NADHzH z ) £ 2 GlutamatezFd (or NAD z )
These two reactions form a cycle with the net conversion of one molecule of 2-oxoglutarate and ammonium to 1 molecule of glutamate. This is referred to as the GSuGOGAT pathway . Two GS isoenzymes have been detected in most species. These differ in subcellular location, with GS1 being present in the cytosol and GS2 in the plastids. Similarly, Fd-and NADH-GOGAT are present in most species, with both being located in the plastid, as described below.
There is now a good understanding of the properties of the GSuGOGAT enzymes, their subcellular location and, in most cases, the genes that encode them (for a recent review see Ireland and Lea, 1999) . It is only recently, however, that any knowledge has been obtained of the cellular compartmentation of this pathway. The most comprehensive studies to date have been carried out in these laboratories, using rice (Oryza sativa L.) and barley (Hordeum vulgare L.), and these species will form the focus of this review. The two species are also useful for comparative purposes as, in the ®eld, rice uses ammonium and barley uses nitrate as its primary source of nitrogen. From the examples presented here, it is clear that an understanding of the spatial distribution of enzymes is providing new insights into the different roles of isoenzymes in nitrogen acquisition and utilization in cereals.
Ammonium assimilation in roots

Localization of GS and GOGAT in rice roots
Rice, growing in paddy ®elds, where the soil is waterlogged, uses ammonium as its nitrogen source. Ammonium is rarely stored or transported because of problems of toxicity and so it is ®rst assimilated in the root and then transported through the xylem to the shoots, mainly in the form of glutamine (Fukumorita and Chino, 1982) . Species using ammonium as their N source would therefore be expected to have an ef®cient ammonium assimilation pathway in their roots.
GS activity is present in rice roots although only the cytosolic isoenzyme has been detected as a major form (Kamachi et al., 1991a) . Its cellular localization was determined using light microscopy and peroxidase staining of anti-GS1 IgG-labelled paraf®n-embedded root sections (8±10 mm from the tip). Cytosolic GS was found to be distributed throughout the root with apparent homogeneity within the epidermis, exodermis, cortex, and central cylinder. Neither the distribution nor the concentration of GS are affected by ammonium (Ishiyama et al., 1998) . In contrast, both the distribution and concentration of NADH GOGAT protein are in¯uenced strongly by ammonium supply. Within 12 h of the addition of 1 mM ammonium to N-depleted rice seedlings there was an increase in NADH GOGAT mRNA, protein and activity in whole root extracts (Yamaya et al., 1995) . The induction of NADH GOGAT occurred in all segments of the root but it was particularly enhanced in the region between the root tip and where the secondary roots form (Ishiyama et al., 1998) . This induction of NADH GOGAT by ammonium may be indirect. Hirose et al. suggested that it is glutamine, a product of ammonium assimilation via GS, which acts as the signal for NADH GOGAT induction (Hirose et al., 1997) .
The response of NADH GOGAT to exogenous ammonium is striking in that it occurs in speci®c cells within the root. Evidence for this has come from detailed immunohistochemical studies using af®nity-puri®ed NADH GOGAT IgG (Ishiyama et al., 1998) . In N-depleted plants, NADH GOGAT protein was detected in the central cylinder, apical meristem and in primordia of secondary roots, with only a weak labelling in the epidermis (Fig. 1a, c ; Ishiyama et al., 1998) . Although NADH GOGAT was detected in young cortical cells (within 250 mm of the root tip) it was absent once these cells matured and became highly vacuolated, possibly as an adaptation to growth under anaerobic conditions. Within 24 h of the addition of 1 mM ammonium there was a marked increase in immunolabelling of NADH GOGAT protein in the two outer cell layers, the epidermis and exodermis ( Fig. 1b, d ; Ishiyama et al., 1998) .
Growth on ammonium therefore results in a change in the cellular localization of NADH GOGAT in rice roots, from the central cylinder and secondary root initial of N-depleted plants, to the epidermis and exodermis of ammonium-treated roots (Ishiyama et al., 1998) . Immunogold labelling studies show that NADH GOGAT is localized in the plastids of rice roots (Hayakawa et al., 1999) . Intriguingly, the apparent concentration of NADH GOGAT protein (immunogold label per unit plastid area) was found to be the same in all plastids, irrespective of cell type. The higher concentration of NADH GOGAT in the epidermis and exodermis of ammonium-treated roots is therefore thought to be due to a higher number of plastids in these cells as compared to the other cells of the root (Hayakawa et al., 1999) .
In contrast to NADH GOGAT, there is no effect of ammonium on Fd GOGAT concentration in rice roots. There is, however, a change in Fd GOGAT activity with root development. Whereas NADH GOGAT remained constant, Fd GOGAT activity was found to be highest in the youngest cells at the root tip, and then decreased with root cell maturity (Ishiyama et al., 1998) . Differential distribution of Fd GOGAT protein within different cells of the root has also been reported. In the youngest cells (within the apical 250 mm) Fd GOGAT protein was present in all cell types. In older root tissue, however, Fd GOGAT protein was found mainly in the central cylinder and secondary root primordia, with only weak immunolabelling on other cell types (Ishiyama et al., 1998) .
The influence of cellular compartmentation on root nitrogen metabolism in rice
Although the total activity of Fd GOGAT in whole root extracts is 4±5-fold higher than that of NADH GOGAT (Suzuki et al., 1982) , the different locations and responses to N nutrition indicate that both isoenzymes have important and distinct functions in rice. It is clear that the distribution of ammonium assimilation enzymes in rice roots is heterogeneous and is in¯uenced by the age of the tissue, the supply of exogenous nitrogen, and by the cell type. These responses are summarized in Fig. 2 .
The cellular distribution of GS and GOGAT in rice roots is likely to be related to the function of these enzymes in ammonium assimilation and N mobilization. In ammonium-treated roots, the high concentration of NADH GOGAT protein, together with cytosolic GS in the epidermal and exodermal cells would enable ammonium taken up by the roots to be assimilated by the cytosolic GSuNADH GOGAT pathway in these outermost cells of the root. The increase in NADH GOGAT protein, relative to GS, in response to ammonium might result in increased glutamate formation in the epidermis.
Solute movement from the epidermis to the cortex is thought to be symplastic, due to the presence of a Casparian strip between these cell types (Morita et al., 1996) . One explanation for the response of epidermal cells is that, if symplastic transport favours glutamate rather than glutamine, increased glutamate formation might serve to increase the rate of¯ow of assimilates into the cortex at high rates of exogenous ammonium supply. This merits further investigation.
Ammonium uptake in rice occurs in the root apex and in the region where secondary roots are being formed (Tatsumi, 1982) , which coincides with the region where NADH GOGAT is particularly responsive to ammoniuminduction, as described above. This, together with the lack of response of Fd GOGAT to exogenous ammonium, indicates that Fd GOGAT may not be directly involved in primary ammonium assimilation under these conditions. The presence of both NADH and Fd GOGAT in the apical meristem and secondary root primordia indicates that both isoenzymes are involved in forming glutamate from glutamine that is transported through the phloem from source tissue in the shoot. The phloem of the central Ishiyama et al., 1998.) cylinder functions in the transport of solutes to the actively growing root tissue. The detection of cytosolic GS, together with NADH and Fd GOGAT in these cells is consistent with an involvement in remobilization of glutamine transported from the shoots in N depleted rice (Ishiyama et al., 1998) .
Localization of GS and GOGAT in barley roots
In contrast to rice, barley (Hordeum vulgare L.), as for most other cereals growing on well-aerated soils, uses nitrate as its main source of nitrogen (Lewis et al., 1982) . Nitrate entering the root is reduced to nitrite and ammonium before being assimilated via the root GSuGOGAT cycle and transported, in the form of glutamine, to the shoot. At high concentrations of exogenous nitrate, increasing amounts of nitrate are exported from the root to the shoot, via the xylem, to be reduced to ammonium and then assimilated via GS and GOGAT in the leaves (Lewis et al., 1982) . Excess nitrate may also be stored in the vacuole (Pate, 1980) . As with rice, there is differential localization of GS and GOGAT isoforms in barley roots, indicating developmental and nutritional in¯uences on their distribution. GS activity changes during root development and is affected by N nutrition. In 7-d-old hydroponically grown barley seedlings, GS activity was highest in the youngest cells at the root tip, when expressed relative to fresh weight, and was highest in nitrate-grown and N-de®cient plants compared to those grown on ammonium. In contrast, when expressed relative to protein, GS activity was lowest at the root tip, but was still highest in nitrategrown plants (Peat and Tobin, 1996) . As well as changes in activity, changes in GS polypeptides occur during root development and this is also affected by N supply. Cytosolic GS (42 kDa polypeptide) was detected on immunoblots in all sections of the root, irrespective of N supply. Two additional polypeptides were detected in mature root tissue of ammonium-grown seedlings and one additional GS polypeptide in those grown on nitrate. These additional polypeptides were of a lower molecular mass than the 42 kDa cytosolic polypeptide and were also thought to be cytosolic (Peat and Tobin, 1996) . Although developmental changes in GS isoenzymes have been reported previously in barley roots, in these cases the additional polypeptide was of a higher molecular mass than the cytosolic GS. In germinating barley roots, only a single polypeptide (42 kDa) was present initially, and a second polypeptide with a higher molecular mass (45 kDa) was detected 5 d after germination (Marttila et al., 1993) . Ma È ck (Ma È ck, 1995) also detected changes in barley root GS polypeptides in response to ammonium but these differ from those reported earlier (Peat and Tobin, 1996) . Two cytosolic GS isoenzymes have been identi®ed; one, GS1a, consisted of two 45 kDa subunits that differed in their isoelectric points, while the second, GS1b, comprised ®ve subunits, three of which had a molecular mass of 45 kDa while the remaining two were common to GS1b (Ma È ck, 1995) . Although of slightly different molecular mass, these two isoforms may correspond to those detected previously (Peat and Tobin, 1996) . Although only two GS isoenzymes were reported (Marttila et al., 1993; Ma È ck, 1995) , the third GS polypeptide, being present only in mature tissue at the base of the root, is likely to remain undetected in whole root homogenates, as used in these earlier studies. This emphasizes the need, in any biochemical study, to take account of the heterogeneity of tissue, both in terms of its development and its cellular composition. Fig. 2 . Summary of present knowledge of cellular compartmentation, and proposed roles for GS and GOGAT isoenzymes in ammoniumgrown rice seedlings. In roots, ammonium, taken up mainly in the apical region, is assimilated by GS1 and NADH GOGAT in the epidermal and exodermal cells. Fd GOGAT, GS1 and NADH GOGAT in the phloem of the root central cylinder may all contribute to remobilization of gln imported from the shoot anduor mature regions of the root. In developing leaf tissue gln, imported from mature leaves anduor roots, is converted to glu by NADH GOGAT present in the vascular parenchyma and mestome sheath cells. GS1 present in the sclerenchyma and xylem parenchyma may assimilate NH z 4 released during lignin synthesis. In mature leaf tissue, GS2 and Fd GOGAT, present in chloroplasts, are mainly responsible for reassimilation of ammonia released during photorespiration. The speci®c localization of GS1 in the companion cells of the vascular tissue provides a means of producing gln for export to sink tissue, such as roots and developing leaves and grains. Proteins were localized by immunohistochemical staining (light microscopy) as outlined in Fig. 1 .
Although plastidic GS was not detected on Western blots of barley root tissue, immunogold localization studies have identi®ed a plastid GS isoenzyme in barley (Peat and Tobin, 1996) . Signi®cant labelling of GS protein was found in plastids of cortical and vascular parenchyma cells in electron micrographs of root apical sections (2.0 mm from the root tip). Large variations in labelling intensity on different plastids prompted a more detailed investigation (LJ Peat and AK Tobin, unpublished data). As a result, four different forms of plastid have been identi®ed, on the basis of structural appearance, and these preliminary studies indicate that they contain different amounts of GS protein. One type (`tubular') containing tubular membranes appeared to be more highly immunolabelled; a second (`no internal membranes') had no obvious internal membranes and was labelled only weakly; a third (`starchy') contained starch grains and was also weakly labelled; the fourth kind (`¯at membranes') contained¯at lamella-like membranes and was sometimes densely labelled (Fig. 3; Peat and Tobin, 1996) . Results of the preliminary analysis of these plastids suggest not only differences in the amount of GS protein between plastids but also a differential response to N nutrition. Whereas in N-de®cient (0.1 mM NO 3 À ) and ammonium-grown plants the GS labelling was similar in all plastids, when grown on high nitrate there was an increase in GS labelling in the`tubular' and¯a t' plastids (Fig. 4) . This suggests that, not only is there a plastid isoform of GS in barley roots, but also that it may be nitrate-inducible, but only in particular types of plastid. Similar forms of plastid have been reported previously in barley roots (Lux, 1986) , but this is the ®rst evidence of any difference in functionality. It is possible that they represent different stages of root plastid development, although no obvious association with any speci®c cell type or stage of root development has been identi®ed. Possible roles for plastidic GS are discussed in the next section.
Cytosolic GS protein was detected, by immunogold localization, in both the cortical and vascular parenchyma of barley roots. The apparent concentration of cytosolic GS protein was higher in the cortical than in the vascular cells irrespective of N nutrition, and was highest in both cell types in N-de®cient, compared to nitrate-or ammonium-grown plants (Peat and Tobin, 1996) .
Preliminary studies, using immunogold-labelling techniques, on the localization of Fd and NADH GOGAT in barley roots indicate that both are present in the plastid (Peat, 1996) . Suzuki et al. measured both Fd and NADH GOGAT activity in barley roots and also localized the Fd-dependent species in the plastids (Suzuki et al., 1981) . The cellular location of Fd GOGAT awaits further veri®cation, although preliminary data indicate that it is present in both cortical and vascular parenchyma cells, with evidence of an increase in concentration in the nitrate-grown as compared to nitrogen-de®cient plants (Peat, 1996) . To date, there have been no studies of the cellular localization of NADH GOGAT in barley roots. Analysis of Western blots indicate that, as with rice, growth on ammonium results in an increase in NADH GOGAT protein in barley roots (Peat, 1996) .
As with rice, there is evidence to suggest that, in barley, the relative amount of Fd and NADH GOGAT changes with root development. The response is quite different, however, with Fd GOGAT protein and NADH GOGAT decreasing in concentration with distance from the root tip in barley (Peat, 1996) . This has also been reported to be the case in pea roots (Matoh and Takahashi, 1982) .
The influence of cellular compartmentation on root nitrogen metabolism in barley Present understanding of the cellular localization of GS and GOGAT species in barley and the proposed function of these proteins in whole plant nitrogen metabolism is summarized in Fig. 5 .
In barley seedlings growing on high concentrations of nitrate (Fig. 5a ) the majority of nitrate taken up by roots is transported via the xylem to the shoot for reduction and further metabolism (Andrews, 1986) . Root nitrate assimilation is occurring at maximum capacities under these conditions (Andrews, 1986) . Nitrate uptake (Henriksen et al., 1992; Lazof et al., 1992) and nitrate reductase (NR) activity (Long and Oaks, 1990; Peat and Tobin, 1996) are highest in the mature region of the root, although in barley their cellular localization remains to be determined. In maize roots, NR protein has been detected in the epidermal, cortical, vascular parenchyma, and pericycle (Federova et al., 1994) while NR activity was found in both the cortical and epidermal tissue (Rufty et al., 1986) indicating that, at least in maize, nitrate reduction occurs throughout the root. Further work is needed to determine whether this is also the case in barley roots. Nevertheless, the observed increase in cytosolic GS polypeptides in the mature region of nitrate-grown roots coincides with the region of highest nitrate reduction. This implies a role for cytosolic GS in assimilating ammonium generated during primary nitrate assimilation, forming glutamine for export to developing root apical tissue and to the shoot (Fig. 5a ). In support of this hypothesis, the normal growth of barley plants lacking plastidic GS, under non-photorespiratory conditions, does suggest that there is suf®cient cytosolic GS in barley roots to maintain root nitrate assimilation (Blackwell et al., 1987) . More detailed analysis of these mutants has indicated, however, that plastidic GS is also important in relation to glutamine export. The export from the root of glutamine formed from freshly assimilated NO 3 À was reduced by 50% in mutants lacking plastid GS Compartmentation of ammonium assimilation 595 (Joy et al., 1992) . This is intriguing, given the fact that no signi®cant reduction in root GS activity was detected in these mutants, most likely due to the fact that, on a whole tissue basis, root plastid GS activity is extremely low. Although it remains to be established whether this mutation (LaPr 85u80) has, indeed, affected the root plastidic GS isoform, these results indicate a role for this enzyme in providing glutamine for export to the shoot.
In the younger tissue at the root apex, where the immunogold localization studies were performed, some nitrate reduction will be taking place in nitrate-grown seedlings although at a lower rate than in the mature root In all examples, tissue was sampled from the apical 2.0 mm of roots of 7-d-old barley seedlings, embedded in LR White resin and stained in uranyl acetate and lead citrate (modi®ed from Peat and Tobin, 1996; Peat, 1996) .
tissue (Peat and Tobin, 1996) . Growth on nitrate resulted in a decrease in cytosolic GS protein in both the cortical and vascular cells and an increase in Fd GOGAT and in plastidic GS in some groups of plastid, as described above. Thus, a relative increase in plastidic GSuFd GOGAT, compared to cytosolic GS, occurs in young tissue of nitrate-grown seedlings. One explanation for this response is that nitrate will increase the capacity for plastid nitrite reduction, and hence the demand for plastid ammonium assimilation will also increase. Nitrate induces not only nitrite reductase (NiR) but it also regulates the supply of reduced ferredoxin in roots, required by NiR and by Fd GOGAT. A speci®c form of ferredoxin-NADP z oxidoreductase (FNR), which generates reduced ferredoxin, is present in roots and other non-photosynthetic tissue where it is known to be induced by nitrate (Bowsher et al., 1993) . Increased nitrate supply might therefore be expected to result in increased nitrite reduction leading to increased plastidic ammonium assimilation in roots. Glutamate might then be used directly for growth within the young apical root tissue.
The reason for differences between different structural forms of plastid, in terms of GS composition, is unclear. It also remains to be seen whether the photorespiratory mutants lacking plastidic GS (LaPr 85u80; Joy et al., 1992) lack some or all of these root GS proteins. Further characterization of the enzyme composition of these different plastid forms is essential if it is going to be possible to determine the extent to which these plastids contribute to root C and N metabolism.
The importance of Fd GOGAT in root nitrate assimilation is indicated by analysis of barley mutants de®cient in this enzyme (LaPr 85u73; Joy et al., 1992) . This mutation resulted in an increased concentration of glutamine in the root and a 3-fold increase in glutamine exported to the shoot. Although, as with the GS mutants, there was no detectable change in root Fd GOGAT activity in this mutant, this indicates that a major proportion of glutamine formed from nitrate assimilation in barley roots is generally retained in the root for growth purposes. Disruption of glutamine metabolism, by the loss of Fd GOGAT, makes more glutamine available for export to the shoot. Alternatively, if the mutation has only resulted in a loss of leaf Fd GOGAT and not of root Fd GOGAT, then this suggests that a disruption of leaf glutamine metabolism somehow affects root glutamine export. It is possible that, under these conditions, excess glutamine accumulating in the leaf is exported to the root via the phloem and this then results in excess glutamine being recycled back to the shoot via the xylem. Further analysis of this mutant is required in order to determine the extent to which root Fd GOGAT has been affected.
In barley seedlings grown on ammonium as sole nitrogen source (summarized in Fig. 5b ) root ammonium assimilation is essential. As for nitrate, the highest rates of ammonium uptake occur in mature root tissue (Henriksen et al., 1992) and this coincides with the region where two additional cytosolic GS polypeptides were detected in ammonium-grown plants. Although the cellular location of proteins has not been established in this region of the root, the relatively high activity of GS, and the apparent induction of cytosolic GS isoenzymes, suggests that this enzyme assimilates ammonium in mature tissue. The relatively low amounts of both Fd and NADH GOGAT detected in the mature region of the root would favour the formation of glutamine, for transport to the shoot and to immature cells at the root apex. Immunogold localization studies of the root apical region detected similar, low concentrations of plastidic GS as found in N-de®cient seedlings. This is consistent with the proposed role for plastidic GS in assimilating ammonium generated from plastidic nitrite assimilation. The lower activity of GS in this region of the root of ammonium-grown tissue, together with the observed increase in NADH GOGAT protein, would tend to favour glutamate formation to support growth of developing root tissue.
One of the key differences between rice and barley root ammonium assimilation is the presence, in barley, of a plastidic isoform of GS. This is consistent with an earlier hypothesis (Woodall and Forde, 1996) that suggested that plastidic nitrate and ammonium assimilation was a physiological adaptation to growth in nitrate-rich, temperate soils. There are, however, exceptions to this general model with some legumes, for example, having plastidic GS in the root nodule (Brangeon et al., 1989 ). Nevertheless, the low level of immunolabelling of plastids of ammoniumgrown compared with nitrate-grown barley further supports this hypothesis. Peat and Tobin, 1996 .) Plastid types: T,`tubular'; I, no internal membranes'; S,`starchy'; F,`¯at membranes, as shown in Fig. 3 (Peat and Tobin, 1996 ; LJ Peat and AK Tobin, unpublished data).
Compartmentation of ammonium assimilation 597
Until a full analysis of the cellular location of Fd GOGAT and NADH GOGAT has been completed for barley it is dif®cult to make a detailed comparison with rice. Nevertheless, it is clear that in both species there are distinct and separate locations for different steps in the pathway of ammonium assimilation in roots, with strong developmental and nutritional in¯uences on this compartmentation.
Ammonium assimilation in leaves
There are a number of sources of ammonium in leaves (®rst reviewed by Joy, 1988) . In C 3 plants, such as rice and barley, photorespiration releases ammonium in the mesophyll cells in the light. Nitrate transported in the xylem and reduced in the leaf will also release ammonium, although the cellular localization of these reactions has yet to be identi®ed in either rice or barley. Other ammoniumgenerating processes in the leaf include lignin synthesis (via the phenylalanine ammonia lyase reaction), and the degradation of nitrogen-containing transport and storage compounds. The latter will occur during the natural turnover of metabolites within growing tissue and also during remobilization of N compounds during senescence.
It is now generally agreed that the GSuGOGAT cycle is responsible for assimilating ammonium in leaves (Lea et al., 1990) . What is less clear, however, is the function of a b Fig. 5 . Summary of present knowledge of cellular compartmentation, and proposed roles for GS and GOGAT isoenzymes in barley seedlings grown on (a) nitrate and (b) ammonium. (a) In nitrate-grown barley nitrate is taken up at the highest rate in mature root tissue, where two cytosolic GS polypeptides are found. Nitrate may be transported through the xylem to the shoot or reduced in the root and converted to gln for transport to developing root (apical region) or shoot tissue. In root apical tissue (2.0 mm from the tip) GS1 is present in cortical and in vascular parenchyma cells, at lower concentrations than in N-de®cient plants. Growth on nitrate increases plastid GS and Fd GOGAT isoforms in vascular and cortical cells, re¯ecting increased plastidic ammonium assimilation. Nitrate increases GS1 concentrations in leaf vascular tissue which generates gln for export to developing leaf tissue. In mesophyll cells, photorespiration generates ammonium at 10 times the rate of nitrate reduction and this is assimilated by Fd GOGAT and GS2 in the chloroplasts. Small amounts of GS1 in mesophyll cells may also contribute to ammonium assimilation. (b) In ammoniumgrown barley ammonium is taken up at the highest rate in mature root tissue, where three cytosolic GS polypeptides are found. Gln produced by GS in this region of the root may be transported to the shoot or to developing, apical root tissue. Increased NADH GOGAT concentration in root apical cells, together with decreased cytosolic and plastidic GS in cortical and vascular cells, favours glu formation. In leaves, ammonium increases cytosolic GS concentration in vascular parenchyma cells, enabling ef®cient assimilation of any excess ammonium to provide gln for transport. The majority of plastidic GS and Fd GOGAT protein is found in mesophyll cells where photorespiratory ammonium is generated.
each of the different GS and GOGAT species and the extent to which their cellular location might relate to their relative roles in assimilating ammonium from different sources. Examples from studies on rice and barley provide some clues.
Localization of GS and GOGAT in rice leaves
As in the majority of higher plants, two GS isoenzymes are present in rice leaves, one in the chloroplast (GS2) and a second in the cytosol (GS1) . The relative amount of each isoenzyme changes with leaf development, as does their cellular location. The amount of GS2 protein (relative to fresh weight) has been found to increase with the photosynthetic development of the tissue. GS2 protein levels were low in the non-green leaf blades and leaf sheaths and highest in the fully expanded leaves (5th to 7th leaves) of 75-d-old rice plants. GS1 protein levels were highest in the oldest leaves and gradually decreased to the lowest level in the youngest non-green leaf blade .
Using tissue printing, Kamachi et al. were ®rst able to ®nd that GS1 protein was speci®c to the vascular bundles of rice leaves . GS1 has also been reported to be present in leaf vascular cells in tobacco and potato . Sakurai et al. (Sakurai et al., 1996) carried out a more detailed examination of rice leaves, at higher resolution, using paraf®n-embedded tissue labelled with the same mono-speci®c anti-GS1 IgG used by Kamachi et al. . This enabled them to identify which cells of the vascular bundle contained GS1 and also to compare leaves of different ages. In the fully expanded leaves (6th to 8th) GS1 protein was detected in the companion cells, metaphloem-parenchyma and metaxylemparenchyma of the large vascular bundles. Staining was particularly intense in the companion cells located in close proximity to the sieve elements. In the small vascular bundles, GS1 was detected in the companion cells and metaxylem parenchyma. GS1 was also found in the guard cells and there was some very weak labelling of the mesophyll and epidermal cells. In younger leaves (blades 9 and 10, and the green (exposed area) region of blade 11) there was only a weak labelling in the companion cells, but a stronger signal in the xylem and phloem parenchyma. In the region of blade 11 that was enclosed within the sheath, and hence non-green, GS1 labelling was relatively intense in the sclerenchyma and in the xylem parenchyma, but very weak in the companion cells.
The cellular location of GS2 protein in fully expanded rice leaves is distinct from that of GS1, having been detected in the mesophyll cells and in the parenchyma sheath cells (Sakurai et al., 1996) . Although there was also a weak labelling of the parenchyma and companion cells this was not considered to be due to GS2 protein as the antibody used in this study also cross-reacted slightly with GS1 protein which is known to be present in these cells (Kamachi et al., 1991b) .
Both NADH and Fd GOGAT are present in rice leaves. The relative amount of each isoenzyme varies with leaf development and there are distinct differences in their cellular location. It was found that the highest level of NADH GOGAT protein and activity occurred in the youngest, non-green, unexpanded leaves and that both activity and protein decreased with increasing leaf age and leaf expansion . In contrast, Fd GOGAT protein and activity was highest in the fully expanded, green leaf blades (5th to 7th) and lowest in the immature, non-green blades. The activity of Fd GOGAT was more than 100 times that of NADH GOGAT in the green leaf blades, whereas it was only 1.9 times higher in the young, non-green 10th blade. This distribution of Fd GOGAT is similar to that of GS2 in these plants, as described above.
Tissue printing and immunolabelling of paraf®n-embedded sections was used to determine the cellular localization of NADH and Fd GOGAT in rice leaves (Hayakawa et al., 1994) . The tissue printing technique detected NADH GOGAT protein in the large and small vascular bundles of unexpanded leaves. The higher resolution, light microscopy immunolocalization technique identi®ed that NADH GOGAT protein was present in the metaphloem and metaxylem-parenchyma and mestome sheath cells of the vascular bundles (Fig. 6) . No NADH GOGAT protein was detected in the mesophyll (Kamachi et al., 1991a) . Sections were taken from the 10th leaf blade, embedded in paraf®n and immunostained with af®nity-puri®ed anti-NADH GOGAT IgG prior to staining with peroxidase-linked ABC reagent as described in Fig. 1 . ms, Mestome sheath cell; pp, phloem parenchyma cell; xp, xylem parenchyma cell. Bar 25 mm. (Modi®ed from Hayakawa et al., 1994.) Compartmentation of ammonium assimilation 599 cells or in the companion cells and sieve elements of the vascular bundles. In the same study, it was found that Fd GOGAT localization was quite distinct from that of NADH GOGAT (Hayakawa et al., 1994) . Fd GOGAT protein was found in the mesophyll cells primarily, but there was also immunolabelling in the parenchyma cells surrounding the protoxylem lacunae (Fig. 7) .
The influence of cellular compartmentation on nitrogen metabolism in rice leaves
The difference in location of GS and GOGAT isoenzymes in rice leaf cells indicates that they have different functions, perhaps relating to the different sources of ammonium (summarized in Fig. 2) . The major source of nitrogen for developing leaves and ears of mature rice plants is thought to be that released from older, senescing leaves. Evidence for this has come from 15 N experiments showing that remobilized nitrogen accounted for 64% of the total nitrogen in the youngest leaf blades (Mae et al., 1981) . Glutamine, produced during N remobilization, is the major form (as much as 42% of total) of amino acid present in the phloem sap (Hayashi and Chino, 1990) and thus the main form of N transported to developing sink tissue, where it is converted to glutamate. The companion cells and metaphloem and metaxylem cells are considered to be active in the transport of solutes, since they contain abundant mitochondria and ER (Chonan et al., 1981) . The presence of GS1 in companion cells of vascular bundles of relatively old leaf blades further supports the hypothesis that GS1 is important in the synthesis of glutamine for export from mature and senescing leaves . This suggests that GS1 in the companion cells may form glutamine for transport into the phloem and, from there, to the younger, developing leaves. It is not clear as to the function of GS1 in younger tissue, where it is barely detectable in the companion cells but is present in the metaxylem and metaphloem-parenchyma, nor is there an obvious function for GS1 in the guard cells. This awaits further investigation. The presence of GS1 in the sclerenchyma and xylem-parenchyma of the non-green region of the developing (11th) leaf blade may indicate its involvement in assimilating ammonia released during lignin synthesis. At this stage of leaf development the secondary cell wall is being formed. Phenylalanine ammonia lyase (PAL; EC 4.3.1.5), the key enzyme for lignin biosynthesis, generates NH z 4 , and the bean PAL2 gene has been found to be expressed in the early stages of vascular development (Leyva et al., 1992) . Thus, it is possible that GS1 may be responsible for the assimilation of NH 4 z released by the PAL reaction in this tissue. It is also possible that GS1 may function in the assimilation of NH 4 z formed by asparaginase, which is known to be expressed in young developing tissues of transgenic tobacco plants (Grant and Bevan, 1994) . Asparagine, after glutamine, is a major form (12% of total amino acids) of nitrogen transport compound in the phloem sap of rice plants (Hayashi and Chino, 1990) .
In sink tissue, such as immature leaves and developing grains, glutamine would be the main form of N imported from mature and senescing tissue, as described above. Further metabolism of glutamine in sink tissue is likely to involve NADH GOGAT as this is the most abundant of the two isoenzymes in the non-green leaf tissue and developing grains (Hayakawa et al., 1993) . Anatomical studies indicate that the vascular parenchyma and mestome sheath cells, where NADH GOGAT is abundant, are active in solute transport from the phloem and xylem (Chonan et al., 1981) . From this it would appear that NADH GOGAT is important in the reutilization of glutamine transported through the vascular system, to produce glutamate for biosynthesis within the developing organs.
The distribution of GS2 in rice leaves, being present in green tissue and, speci®cally in the mesophyll cells, is consistent with a role in reassimilating ammonium released during photorespiration. This would appear to be also the case for Fd GOGAT that shows a similar distribution, being particularly abundant in the mesophyll cells (Hayakawa et al., 1994) .
The results of these localization studies indicate that the isoenzymes of GS and GOGAT have quite distinct functions in leaves, with GS1 and NADH GOGAT involved in the remobilization of N from source to sink tissue, and GS2 and Fd GOGAT responsible for reassimilation of photorespiratory ammonium. Hayakawa et al., 1994.) Localization of GS and GOGAT in barley leaves: influence of compartmentation on N metabolism in leaves These studies of GS and GOGAT localization in barley leaves have reached similar conclusions to those described for rice. These results, and their interpretation, are summarized in Fig. 5 . GS activity was found to increase with leaf development. This was due to an increase in the amount of GS2 protein, with GS1 remaining relatively constant (LJ Peat and AK Tobin, unpublished data). The same developmental changes have been found in wheat primary leaves, where GS2 activity increased in parallel with photorespiration and with the activity of key photorespiratory enzymes (Tobin et al., 1985) . These results indicate that in barley, as in rice, GS2 is associated with photorespiration. This is further supported by immunogold labelling experiments that detected GS2 protein primarily in the chloroplasts of mesophyll cells, where photorespiratory ammonia is released (Fig. 8a) . The response of GS2 to changes in N nutrition indicates that this isoenzyme does not just function in the assimilation of photorespiratory ammonium. Growth on high nitrate (15 mM) resulted in higher concentrations of GS2 in the mesophyll cells, compared to N-de®cient (0.1 mM NO 3 À ) plants (Fig. 8a) . This apparent induction of GS2 by nitrate might indicate an additional role for this isoenzyme in primary assimilation. At high concentrations of nitrate, as discussed above, shoot nitrate assimilation increases. Barley grown on 12 mM NO 3 À , for example, assimilates 98% of its nitrate in the leaf (Lewis et al., 1982) . Under these conditions it might be important for both GS isoenzymes to function in ammonium assimilation. Analysis of barley mutants, however, indicates that plants can assimilate nitrate ef®ciently in the absence of GS2, which suggests that there is suf®cient GS1 to support primary assimilation. An alternative explanation is that the increase in GS2 concentration in the mesophyll cells is in response to increased photorespiratory¯ux, as growth on high nitrate would lead to increased synthesis of Rubisco (Stitt and Krapp, 1999) .
Cytosolic GS protein was detected, by immunogold labelling, in the mesophyll cells of barley leaves (Fig. 8a ). This con¯icts with previous immunolocalization studies, on tobacco , potato (Pereira et al., , 1996 and rice where GS1 was only detected in the vascular cells. Although immunolocalization has failed previously to detect mesophyll GS1, its activity has been detected in cytosolic fractions of mesophyll protoplasts from pea (Wallsgrove et al., 1979) and barley (Wallsgrove et al., 1980) . These con¯icting reports might indicate species differences, although the failure to detect GS1 might be due to differences in experimental technique and growing conditions. These results show that the concentration of GS1 protein in barley mesophyll cells is very low, particularly in plants grown on low nitrate where the labelling intensity is only just higher than the control (non-immune serum, Fig. 8a ). This, together with the small volume of cytosol in mesophyll cells, would make it dif®cult to detect GS1 in these cells, particularly when using low resolution techniques such as tissue printing and light microscopy. Further analysis, using immunogold localization and different growth conditions, may therefore lead to the detection of GS1 in mesophyll cells in a wider range of species.
GS2 protein was detected at only a very low concentration in the plastids of vascular cells and, together with the scarcity of these plastids, this precluded quanti®cation of immunolabelling. GS1 is clearly the predominant isoenzyme in the vascular cells of barley leaves. Signi®cant amounts of GS1 protein were detected in these cells, with a marked effect of N nutrition on its apparent concentration (Fig. 8b) . As was the case for GS1 in mesophyll cells, at low nitrate concentrations a b Fig. 8 . Quanti®cation of immunogold labelling of cytosolic and plastid GS in (a) mesophyll and (b) vascular parenchyma cells of barley primary leaves. Abbreviations and growth conditions as described in Fig. 4 . Sections were taken from the apical (mature) region of the primary leaf (Peat, 1996) .
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cytosolic GS was present in relatively low concentrations. Growth on either high nitrate (15 mM) or ammonium resulted in a signi®cant and marked increase in cytosolic GS concentration in the vascular cells (Fig. 8b) . At high nitrate concentrations, the majority of N transported from root to shoot, in barley, is in the form of nitrate (Lewis and Chadwick, 1983) . High concentrations of GS1 in the vascular cells under these conditions might therefore be related to an increased demand for shoot nitrate reduction. Growth on ammonium results in glutamine being the major form (93%) of N exported to the shoot (Lewis and Chadwick, 1983) . Increased GS1 concentrations in the vascular cells is consistent with its proposed role in remobilization of N. These results therefore support the suggestion that GS1 is important in the primary assimilation of N and in remoblization of N from source to developing sink tissue. However, until the cellular localization of nitrate and nitrite reductases is known, these conclusions remain tentative.
Fd GOGAT protein was detected, by immunogold labelling, speci®cally in the plastids of mesophyll and vascular cells of barley. As was the case for GS2, the small numbers of plastids in vascular cells indicates that the majority of Fd GOGAT protein in the leaf is located in the mesophyll tissue (LJ Peat and AK Tobin, unpublished results) . This is supported by lower resolution light microscopy of immunolabelled sections of barley leaf tissue ( Fig. 9 ; T Hayakawa, LJ Peat, T Yamaya, AK Tobin, unpublished results) where the mesophyll cells are clearly labelled. No effects of N nutrition were apparent and the localization is consistent with a major role for Fd GOGAT in the formation of glutamate for photorespiratory ammonium assimilation via chloroplast GS (Kendall et al., 1986 ).
It has not been possible to determine the cellular localization of NADH GOGAT in barley leaves because of the weak cross-reactivity of the available rice anti-NADH GOGAT antibody with the barley protein.
The preliminary studies indicated that, as with rice, NADH GOGAT protein is more abundant in younger, non-photosynthetic tissue, in particular at the base of barley primary leaves (LJ Peat, AK Tobin, unpublished results). Further work is needed to determine whether NADH GOGAT ful®ls the same role in barley leaves as it does in rice.
Conclusions
The immunolocalization studies of rice and barley show that the ammonium assimilation pathway is highly compartmentalized. Distinct cellular locations for the component isoenzymes have been identi®ed and this information has been used to produce models of the contribution each one makes to whole plant N metabolism. This research has shown that a knowledge of the location of an enzyme is a valuable aid to understanding its function.
